The development of Ultrafast Electron Microscopy (UEM) and diffraction (UED) permit the imaging of atomic motion in real time and space. UEM and UED have found a vast range of applications spans chemistry, physics, material science, and biology. The temporal resolution in ultrafast electron imaging, typically on the order of few hundred femtoseconds, is limited by the electron pulse duration and the space charge effect. Hence, imaging the fast motions of electrons remains beyond the reach. Recently, we break the temporal resolution limits in UEM by generating a 30-fs electron pulse exploiting the optical gating approach. The gating technique is based on the electron-laser coupling where the free electrons in the wavepacket exchange energy with the light photons of the laser pulse. In this case, the optical laser pulse acts as a temporal gating for the electrons which gain/loss energy. These electrons are filtered out and generate an electron pulse with a temporal profile similar to the gating laser pulse. The obtained, few tens of femtosecond, temporal resolution opens the door-for the first time-to image the electron dynamics in real time. Moreover, the optical attosecond pulse, which has been demonstrated earlier, eventually will be used to gate the electrons in a sub-femtosecond time window. So, the gated electrons will generate a single isolated attosecond electron pulse. This unique tool will establish the attosecond electron imaging tool which we so-called "Attomicroscopy". Attomicroscopy will enable the imaging of the electron motion, last few hundreds of attosecond to few femtoseconds, in action.
INTRODUCTION
In the last century, the development of electron microscopy and X-ray diffraction afforded a remarkable tool for imaging and resolving the three-dimensional structure of matter with atomic resolution, which had a great impact in different fields [1, 2] . Recently, the fourth-dimension "time" has been introduced for probing matter dynamics, by utilizing electron bursts. The generation of ultrafast (picosecond and femtosecond) electron pulses enabled the establishment of Ultrafast Electron Diffraction (UED), Ultrafast Electron Microscopy (UEM), and Scanning Ultrafast Electron Microscopy (SUEM). These tools enabled the recording of images of the structure dynamics and atomic motion in real time and space. These tools have found numerous applications in chemistry, physics, biology, and materials science [3] [4] [5] [6] [7] [8] [9] . Currently, the research activities in the field focus on improving both the spatial and temporal resolutions in order to resolve the ultrafast dynamics of matter with better contrast. In ultrafast electron diffraction and microscopy experiments, the temporal resolution is defined by the electron pulse duration and its synchronization stability with the triggering optical pulses. However, the electron pulse suffers from a temporal broadening due to the space-charge effect and energy dispersion during its propagation from the source to the sample, which ruins both the temporal and spatial resolutions. Therefore, many electron-pulse compression techniques have been developed for controlling the space-charge effect and generating ultrashort (bright) electron pulses [10, 11] . These techniques enable the confinement of the electron pulse to hundred femtoseconds; however, it suffers from time jittering and the temporal synchronization issues, which limit the temporal resolution response in time-resolved electron experiments. Therefore, the ultrafast dynamics measurements that have been carried out so far are in the timescale of picosecond to several hundreds of femtoseconds [12] [13] [14] [15] [16] . Therefore, the imaging of faster dynamics (i.e. electron dynamics) in matter still remains beyond reach.
Lately, we demonstrated the generation of the shortest electron pulse (30 fs) in UEM by the optical gating approach, which breaks the conventional compression limits of an electron pulse and attains electron dynamics temporal resolution in electron microscopy [17] . In the optical gating approach, the generated gated electron pulse duration is limited only by the gating laser pulse, which could be on the attosecond time scale [18] . The optical gating using the laser attosecond pulse spans over two octaves visible and flanking spectral regions would lead to generate the isolated attosecond electron pulses and open the way for establishing the "Attomicroscopy" [17] . This new tool will allow the real-time imaging of electronic motion as theoretically studied in atoms, molecules [19] , and condensed matter [20] , which could radically change our insight into the workings of the microcosm and could hold the promise for breaking new grounds in a number of fields of science and technology.
OPTICAL GATING OF ULTRAFAST ELECTRON PULSE
The principle of the optical gating approach (illustrated in Figure 1 ) can be explained as follows [17, 21] ; free electrons and laser (photons) pulses interact with inelastic scattering on a nanostructure [21, 22] . This interaction causes the electrons to gain (or lose) a single quantum or multiple photon quanta. Therefore, photon-electron coupling results in some electrons (in the electron pulse) gaining or losing one or more photon quanta-but only in the presence of the optical laser pulse. Hence, the optical pulse is a temporal optical gate for these electrons that have a temporal profile similar to the gating window (i.e., the optical laser pulse duration). Then, these gated electrons-can be resolved as side peaks around the zeroloss peak in the electron energy spectra (Figure 1 ) -are filtered out to obtain ultrashort, attosecond-scale electron pulses. Such pulses will provide a significant enhancement to temporal resolution in UEM and UED for exploring the ultrafast dynamics of matter triggered by another ultrashort optical laser pulse [17, 23] .
The optical gating approach has striking features over the conventional electron pulse compression techniques [23] , these features are ; (i) the temporal gating window and duration of the generated electron pulse is limited only by the optical gating pulse, (ii) the phase drift between the optical gating pulse (and consequently gated-electron pulse) and the laser pulse triggering dynamics would also on the attosecond time scale, thanks to the optical phase locking technique, and (iii) the gated electron pulses have enough intensity to practically image sample dynamics since the original electron pulse is not restricted to be in the single electron-regime because the gated electron pulse is generated after acceleration and at the position of the sample under study. Therefore, this approach is a promising technique to break the limits of the temporal resolution not only in the ultrafast electron microscopy, but also for the free-electron lasers, where extreme time-resolution is difficult to achieve. Figure. 1. Optical gating of electron pulses. The few femtosecond electron pulses interact with the gating laser pulses on nanostructure. The gated electrons are presented in the electron energy spectrum as multiple peaks in the both sides of the zero-loss-peak. The gated electron spectral peaks are separated by one or multiple photon quanta of the gating laser pulse. 
Generation of 30 fs electron pulse by optical gating
Exploiting the optical gating approach, we utilized ultrashort visible laser pulse (30 fs) to gate electrons in the wavepackets of few hundred femtosecond electron pulses generated by the photoemission of a photocathode and accelerated inside the ultrafast electron microscope [17] . Some electrons in the wavepackets exchange energy with the laser photons. The exchange happened in a time scale similar to the duration of the laser pulse and generate, to our knowledge, the shortest (30 fs) isolated electron pulse inside UEM. Accordingly, the temporal resolution in UEM is enhanced by more than an order of magnitude (16 times) . This advancement permits the resolution and imaging of fast atomic motion, and the electron dynamics occur on the scale of a few tens of femtoseconds.
This optical gating experiment (setup is illustrated in Figure 1 ) can be briefly explained as follows; a train of IR (350 fs-120 µJ) laser pulses (λ ~1040 nm, 100 kHz repetition rate) is divided into three beams, with 5% going through a second harmonic process twice to generate ultraviolet (UV) laser pulses (λ ~260 nm). These UV pulses are directed to the photoemissive cathode inside the microscope to generate ultrafast electron pulses (Original electron probe pulse), which are accelerated (200 KeV) in the microscope column. The rest of the IR (95%) is divided by a 50/50 beamsplitter into two beams. Each beam enters into a different non-collinear optical parametric amplifier (NOPA) system. In the first one (NOPA-3H), the visible laser pulses are generated (λ ~550 nm). These pulses are compressed and have a FWHM pulse duration of ~30 fs. The second one (NOPA-2H) generates ~33 fs laser pulses in the near-IR (NIR) region (λ ~740 nm).
The delays between the electron, visible, and NIR pulses are controlled by linear delay stages. Figure. 2. Experimental setup of the optical-gating in UEM. A portion of infrared laser pulses generates ultraviolet (UV) laser pulses by two sequential second harmonic generation processes. These pulses are directed to the photoemissive cathode to generate ultrafast electron pulses. The remaining IR is divided into two equal beams sent to two NOPA systems to generate visible optical "gating" pulses (~30 fs) and near-infrared (NIR) laser pulses (~33 fs). The delays between these pulses are controlled by linear delay stages. These pulses are recombined and focused onto the specimen in the microscope and the electron energy spectrum of the electron pulses is acquired by an electron energy spectrometer. An energy spectrum for electronvisible photon coupling is shown in the inset.
The visible laser pulse acts as a "gating pulse" to generate a "gated" electron pulse emulating its pulse duration (~30 fs), and the NIR pulse is utilized to characterize the temporal profile of the gated electron pulse. Notably, the two laser pulses (visible and NIR) are precompensated by a built-in prism compressor implemented inside each NOPA system for the dispersion accumulated due to the laser beams traveling through the air and glass up to the sample position. The correct compression was determined by introducing an amount of glass equivalent to beam splitters, lens, and microscope window before the autocorrelator apparatus, which was used to characterize the optical pulses temporal profile. Hence, we ensure that the "gating" visible laser pulse maintains its 30-fs pulse duration at the sample position inside the microscope where the optical gating process occurs. On the nanostructure sample, the "gating" visible pulse is kept at the maximum temporal overlapping with the electron pulse generated from the photocathode to obtain the optimum gating efficiency and generate the intense isolated "gated" ultrashort electron pulse.
Temporal characterization of the 30-fs electron pulse
The temporal profile of the gated electron pulse was characterized by the cross-correlation method. This occurred in two steps. First, the temporal profile of the original (few hundred femtoseconds) electron pulses, generated by photoemission from the photocathode inside the microscope, was characterized by cross-correlation between the "gating" visible pulse and the electron pulse. Since the "gating" pulse duration is much shorter, the cross-correlation profile directly reflects the "original" electron pulse temporal profile. The retrieved pulse duration of these "original" electron pulses is on the order of 500 fs. Second, the gated electron pulse was characterized by measuring cross-correlation temporal profile of the NIR (33 fs) laser pulse with the original and gated electrons. The cross-correlation spectrogram ( figure 3(b) ) was recorded. Then, the temporal profile of this cross-correlation was retrieved from the spectrogram, which carries the signature of the coupling between the original electron pulse and NIR laser pulse and that between the gated electron pulse and NIR laser Figure 3 . (a) The electron energy spectra represent the original electron pulse (ZLP) (blue shaded curve) and the coupling between "original" electron pulse and "gating" visible pulse (30 fs) (black line). (b) The cross-correlation electron energy spectrogram of the electron-photon coupling between the NIR laser pulse and both "original" and "gated" electron pulses. (c) The cross-correlation temporal profile retrieved from the measured spectrogram. inset in (a) shows the cross-correlation profile of the "gated" electron and NIR pulse (FWHM=50 fs) and the retrieved temporal profile of the generated gated electron pulse (FWHM=30 fs). figure 3(c) ). The cross-correlation temporal profile of the last one is shown in the inset of figure 3(a) , and it shows an FWHM on the order of 50 fs. Since the NIR pulse duration is 33 fs. Therefore, the gated electron pulse duration can be retrieved to be on the order of 30 fs, similar to the gating pulse temporal profile. The generated "gated" electron pulse has sufficient electron counts (~8% of the total electron counts or < 1 electron/pulse) for probing the ultrafast dynamics of matter. The attained temporal resolution (30 fs) allows the imaging of the electron dynamics, lasts a few tens of femtoseconds which was beyond reach before, such as the electron-electron scattering and electron-phonon coupling in semiconductors [24] , and the dynamics of surface plasmons [25] .
ATTOMICROSCOPY: ATTOSECOND ELECTRON IMAGING

Single isolated attosecond electron pulse
As mentioned earlier, the gated electron pulse duration depends on the temporal gating window, which is defined by the optical gating pulse duration. Therefore, the optical attosecond pulse (380 as) [18] would provide the sub-femtosecond temporal gating resolution desired to generate isolated attosecond electron pulses by the optical gating approach. Moreover, extreme phase stability (<1 fs) can be achieved between the pump and gating laser pulses by phase-locking. Both will enable to attain the attosecond temporal resolution in electron microscopy and establish the "Attomicroscopy". Here, we conducted a simple theoretical calculation, in which a compensated 10 fs electron pulse is gated by optical attosecond pulses (380 as), demonstrated early in [18] . This was done by calculating the probability of one electron emitting or absorbing photons through interaction with the surface of a nanostructure [23] . Briefly, the electron-photon interaction is mediated by an evanescent electromagnetic field induced by the optical gating photon pulse hitting the surface of nanostructure (gating medium). The spatial distribution of the evanescent field is determined by the optical property and the geometry of the nanostructure. The attosecond optical gating of 10 fs electron pulse allows the generation of isolated attosecond electron pulses (Fig. 4) . For such extremely short-broadband "gating" optical pulse, the gating medium should have a broad frequency response (e.g. aluminium nanostructure, which has a Surface Plasmon lifetime in the attosecond time scale) and the gated electron spectral peaks are expected to exhibit energy broadening since the optical attosecond pulse spans over more than two octaves (spectral FWHM=1.75 eV) as shown in figures 4. 
'
For the potential time-resolved Attomicroscopy experiment, the isolated attosecond "gated" electron pulse on the sample stage can be filtered out and utilized as a "probe" pulse, and another optical pulse can be utilized as a "pump" pulse to ultimately image the electron motion in real time. The isolated attosecond electron pulses can be generated and characterized right on the surface of the nanostructure sample which allows for enduring the attosecond resolution on the position where the experiments take place.
In conclusion, the generation of the isolated attosecond electron pulses by attosecond optical gating and the establishment of the Attomicroscopy open new avenues and allow for an enormous of femtosecond and attosecond electron imaging applications in different areas and could eventually enable the recording of a movie of electron motion in the act. The optical attosecond pulse is used to provide the sub-femtosecond optical gating window for the original electron pulse in order to generate an isolated attosecond electron pulse. The optical gating and the generation take place at the sample stage. The generated gated pulse can be filtered out later, providing a desired probe resolution to image the electron motion in real time.
